W) Check for updates

8= BUILDING SERVICES ENGINEERING
Research Paper R RESEARCH ¢ TECHNOLOGY

Building Serv. Eng. Res. Technol.
2021, Vol. 0(0) 1-16

Associations between indoor © The Author(s) 202
soundscapes, building services and Arcle reuse uideines:
window opening behaviour during DO 10.17710143624431 1054443

journals.sagepub.com/home/bse

the COVID-19 lockdown ©®SAGE

Simone Torresin'? , Rossano Albatici' , Francesco Aletta® ,
Francesco Babich?®, Tin Oberman®® and Jian Kang?

Abstract

Results of an online survey conducted during the COVID-19 lockdown among 848 home workers living in
London (United Kingdom) and in Italy are reported with a focus on (1) the impacts of building services on the
perception of the acoustic environment while working and relaxing at home and (2) the factors associated
with window opening behaviour. The analyses showed no significant difference in soundscape appropri-
ateness for relaxation depending on the heating, ventilation and cooling system typologies, and in soundscape
appropriateness for working from home (WFH) based on the ventilation strategy. Higher soundscape
appropriateness for VWFH was associated with houses equipped only with radiant floors for heating in Italy
and with air-cooling systems in London. In London, air systems resulted in higher perceived dominance of
noise from building services compared to other systems. Overall, rooms with less dominant sounds from
building services were evaluated as more appropriate for working and relaxing. The dominance of sky or
buildings from the window view, outdoor noisiness, noise sensitivity, age and gender were not significantly
associated with participants’ window opening behaviour while WFH. Differently, participants viewing more
vegetation from windows in Italy were more likely (odds ratio: 1.279) to keep the window open while WFH.
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occupants’ interaction with windows is relevant for
those practitioners and researchers modelling occu-
pant behaviour in energy simulation programmes as
this can affect indoor air quality, thermal conditions
and cause gaps between the predicted and the actual
energy performance of buildings.

Introduction

Since the COVID-19 outbreak and the introduction
of lockdown measures, people have spent a large
amount of time at home. An increasing part of the
literature has dealt so far with the effects of the
environmental conditions on building occupants’
health, mental health and quality of life,' and
several studies have specifically focused on the
quality of the domestic environment for building
occupants’ during the COVID-19 lockdown.*® In-
dustry and research are debating on the design and
operation of buildings’? in the light of the new home
uses (e.g. working from home, WFH) and the need to
control the spread of the virus (e.g. ventilation re-
quirements in buildings). However, while rethinking
the post-COVID design of the built environment, the
interaction between occupants and the built environ-
ment should be carefully considered.'®!! Sub-optimal
environmental conditions can trigger unintended be-
haviours by building occupants that can result in
increased energy consumption during building op-
eration and in potential health risks.

As far as acoustics is concerned, building services
feature among the noise sources that could impact
acoustic comfort in residential buildings.>'*' Their
effect might be even more disruptive in presence of
cognitively demanding tasks,'* as in the case of
home working, which has been and will be in-
creasingly adopted after the outbreak of COVID-
19."° Acoustic discomfort can hinder natural and
mechanical ventilation in domestic environments.
Noise from home ventilation systems has often been
reported as one of the reasons why these systems are
not used as intended by the designers.'®® Occu-
pants may turn off their ventilation systems to avoid
the noise annoyance or turn them down to a level of
noise that can be bearable.'” Outdoor noise pollution
can induce annoyance and changes in occupants’
behaviour concerning window opening. In modern

airtight dwellings, this can lead to inadequate ven-
tilation and poor air quality. In absence of an inte-
grated design,” building occupants are thus left with
the burden of choosing which comfort domain to
prioritize®'** (e.g. acoustic comfort) at the expense
of others (e.g. contact with the outside, indoor air
quality (IAQ) and thermal comfort), thus forcing
trade-offs which may result in negative health and
performance outcomes (e.g. stress, sick building
syndrome symptoms).

In the present paper, results from an online survey
are presented to investigate the impact of sound from
building services in participants’ own dwellings on
the perception of the acoustic environment (i.e. the
indoor soundscape'**?) at home during the COVID-
19 lockdown. Differently from studies that have
reflected a negative attitude towards sound and its
outcomes (i.e. how much were you annoyed by these
noise sources?), the present survey has been designed
from a soundscape perspective,”*2° in order to
characterize the positive and negative effects of
sounds and noises, as a function of the specific task
performed at home during the confinement period
(i.e. relaxation and WFH). The survey was carried
out in London (United Kingdom) and Italy, that
represent different climatic areas and ventilation
habits. Although the different scale of the two study
areas (i.e. the city of London and the Italian country)
does not allow for a proper cross-national analysis,”’
the availability of data on the two regions allow to
generalize some common trends and to preliminarily
describe some of the observed differences, to be
further investigated in future studies.

A further focus of the present study is on window
opening behaviour. Investigating the drivers of occu-
pants’ interaction with windows is important as this has
significant effects on indoor air quality, building energy
use and can result in gaps between the predicted and the
real energy performance of buildings.'®*® If window
opening behaviour has been traditionally studied in
relation to thermal, visual, air quality, contextual and
person-related factors,”* > the literature calls for more
research on the relationship between the acoustic
context and window operation.?' In the present study,
window opening behaviour has been studied in relation
to the reported acoustic context, the quality of the
window view and to person-related factors.
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Research questions underpinning the study are as
follows:

1. How does heating, ventilation and cooling
systems affect indoor soundscape appraisal
while working and relaxing at home?

2. Do the acoustic context, the quality of the
view from the window and person-related
factors have an effect on window opening
behaviour?

The knowledge derived can aid to highlight
criticalities in building service design and operation
and to further clarify factors driving window opening
to be integrated into energy model simulations.

Methods

Participants

An online survey has been administered to adult
participants (18—65 years old), reporting no hearing
difficulties, and working from home during the
COVID-19 lockdown via Prolific participant
pool.>**? Given the different availability of re-
cruitable participants in Prolific from the two
countries, the survey has targeted the city of London
and Italy as study areas. A questionnaire in English
language has been completed by participants that
indicated London as area of residence, while an
Italian translation was proposed to individuals living
in Italy. Study data from the online survey were
collected and managed using REDCap electronic
data capture tools hosted at University College
London (UCL).>**> The survey has been conducted
on 18 and 19 January 2021, while London was in a
lockdown condition®® and Italy was interested by
several containment measures depending on the risk
level in the different territorial areas.’’ After ex-
cluding participants that failed attention checks, 464
UK participants (181 men, 282 women and 1 other;
mean age: 32.2 years; SD: 9.1 years) and 384 Italian
participants (215 men, 166 women and 3 other; mean
age: 29.6 years; SD: 8.9 years) were considered for
the data analysis. The study was approved via the
UCL IEDE Ethics departmental low-risk procedure
on 26 November 2020.

Questionnaire design

The survey was made of five main sections focusing
on: (1) the WFH activity, (2) relaxation at home, (3)
housing features, (4) the urban context and (5)
person-related characteristics. The analysis presented
in the following focuses on a subset of items em-
ployed to answer to the research questions of interest.
A more detailed description of the survey can be
found elsewhere.*®

Information was gathered on the type of heating,
ventilation and cooling systems present at home, the
perceived dominance of sound from building ser-
vices and the appropriateness of the surrounding
sound environment in the rooms employed for WFH
and relaxation. Questions were adapted from ISO/TS
12,913-2:201826 and are described in Table 1. Par-
ticipants were asked to rate the type of window view
from the room where WFH and relaxing in terms of
dominance of vegetation, sky and other buildings
when looking outside. Information was collected on
the presence of operable windows at home and on the
frequency of window opening while WFH. More-
over, it was required to indicate a room that was
relevant for their WFH activity and a room that was
relevant for leisure activities. For each of the rooms
present at home, participants were asked to describe
whether the room overlooked a quiet or noisy area.
By combining the two questions, it was thus possible
to infer whether the rooms employed for WFH and
relaxation were on a quiet or noisy side of the
dwelling.

Noise sensitivity was evaluated through a reduced
scale®® extracted from the Weinstein’s Noise Sen-
sitivity Scale.*® Lastly, demographic information
about gender and age were collected.

Data analysis

Statistical analyses were run in IBM SPSS Statistics.*'
Frequency distributions were processed in order to
explore categorical and ordinal variables. ‘Not ap-
plicable’ and incongruent responses (e.g. participants
giving conflicting information across different ques-
tions) have been treated as missing values and deleted
listwise. Mann-Whitney U tests and Kruskal-Wallis
tests were utilized to evaluate differences respectively
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Table 1. Questionnaire excerpt.

Question Scale Label
Now please focus on one room that is relevant for Likert Not at all (I)-Dominates completely (5), not
your working [relaxing] activity at home [studio, applicable (6)
kitchen, living room, kitchen — living room, bedroom,
bathroom]
To what extent do you hear the following types of
sounds while working from home [relaxing] in
your [piping]?
Sounds from building services of your house (e.g.
heating, cooling, ventilation systems and toilet
flushes)
To what extent do you see the following elements Likert Not at all (I)-Dominates completely (5), not
from windows, if any, present in your [piping]? applicable (no window) (6)
(Vegetation; sky; other buildings)
To what extent is your present surrounding sound Likert Not at all (I1)—Perfectly (5)
environment appropriate to working from [relax
at] home?
Please indicate whether the following spaces are Single It faces a noisy side; it faces a quiet side; it is a
present in your house and whether they face a choice windowless room; room not present
noisy side (e.g. facing a major road, a railway and a
busy pedestrian street) or a quiet side (e.g. facing
an internal courtyard, a garden and a small street)
or whether they are windowless. Please note that
it is possible to have multiple noisy or quiet sides
(Studio; kitchen; living room; kitchen - living room/
open plan; bedroom; bathroom)
Do you have openable windows in your house? Single Yes; no; | don’t know
choice
How often do you keep the window open while Likert Never (I)-Always (5)
working from home?
How do you ventilate your house? [Select all that  Multiple | Open the windows; | have mechanical ventilation
apply] choice
How do you heat your house? [Select all that apply] Multiple Radiators; radiant floor; electric heaters; fireplace;
choice stove; air systems
How do you cool your house? [Select all that apply] Multiple I Have no cooling systems; radiant systems (e.g. floor
choice and ceiling); full air systems (e.g. air conditioners);
air movement devices (e.g. ceiling or desktop fans);
by opening windows
Please state to what extent you disagree/agree with Likert Slider: Totally disagree (0)-Totally agree (100)

the following sentences: (I am sensitive to noise; |
find it difficult to relax in a place that’s noisy; | get
mad at people who make noise that keeps me from
falling asleep or getting work done; | get annoyed
when my neighbours are noisy; | get used to most
noises without much difficulty)

between two or more groups. In case of significant
differences in the Kruskal-Wallis test, pairwise
comparisons were evaluated using Dunn’s procedure

and the Bonferroni method was applied to adjust the
p-values, in order to account for the increased chance
of incorrectly rejecting a null hypothesis (i.e. type I
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Sounds from building services of your house (e.g. heating, cooling,
ventilation systems, toilet flushes)
100%
0% 14.9
19.2 e 273
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Figure |. Percentage of responses on the dominance of
noise from building services in the room chosen for
working from home (WFH) and relaxation (REL), in
London and in ltaly. N | gngon = 464, N |, = 384.
Percentages for ‘not applicable’ responses are not
reported.

error). Finally, a cumulative odds ordinal logis-
tic regression with proportional odds was run to
determine the effect of noisy sides, window view,
noise sensitivity, age and gender on the frequency
of window opening while WFH, treated as an
ordinal variable with five levels ranging from
‘never’ to ‘always’. Variables related to the
dominance of vegetation, sky and buildings from
the window view have been treated as continuous.
The statistical significance threshold was set
at 0.05.

Results

Most of participants, both living in London and in
Italy, reported that the noise from building services
was not dominating their places for working and
relaxation at home, as shown in Figure 1. Data show
a higher percentage of environments with dominant
sound from building services in Italy (moderately & a
lot & dominates completely: 30.2% for WFH and
27.3% for relaxation) than in London (19.2% for
WFH and 14.9% for relaxation).

Data collected from multiple choice questions
returned several combinations of building services
installed in the homes of UK and Italian partici-
pants. In order to isolate the effect of the different

typologies, combinations have been collapsed into
a reduced number of exhaustive and mutually ex-
clusive categories. A summary of heating, ventilation
and cooling system typologies after the coding are
depicted in Figure 2 for UK (N = 464) and Italian
(N = 384) samples.

With regard to heating systems, most participants
reported having only radiators, in both London
(65.9%) and Italy (44.8%). In London, this was
followed by houses equipped only with electric
heaters (5.6%), air systems (3.2%, alone or in
combination with other systems), only radiant floors
(3.0%) and with other systems (e.g. a fireplace) or a
combination of the previous ones except for the air
systems (e.g. radiators and radiant floors), totalling
22.3%. In Italy, houses equipped only with radiators
were followed by those equipped with air-systems
(12.5%, alone or in combination with other sys-
tems), only electric heaters (6.5%), only stoves
(6.0%), only radiant floors (4.9%) and other systems
(25.3%).

Ventilation was mainly performed by opening
windows in both London (86.2%) and Italy (94.3%),
followed by windows opening and mechanical
ventilation (9.7% in London and 4.9% in Italy), and
by the exclusive use of mechanical ventilation (4.1%
in London, 0.8% in Italy). It should be noted that
only three Italian participants had mechanical ven-
tilation at home. However, this was kept as a separate
group, for symmetry with the English case, which
was more numerous (N = 19).

The majority of London participants had no
cooling system at home and/or opened windows for
cooling purposes (68.8%). This was followed by
those using air movement devices (e.g. ceiling or
desktop fans, 25.2%) but no full air systems, those
adopting air systems (alone or in combination with
other systems, 5.6%) and others (e.g. radiant sys-
tems, 0.4%). In Italy, most of participants’ house was
equipped with air systems (50.8%), followed by
those having no system and/or opening windows
for cooling (32.8%), using air movement devices
(15.6%) or other systems (0.8%).

Among those opening windows, alone or in
combination with mechanical ventilation (N | opgon =
445, N yy = 381), most of participants reported
keeping the windows open at least sometimes while
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Figure 2. Percentage of building services typologies for (a) heating, (b) ventilation and (c) cooling systems in the homes of

UK and Italian participants. N | gndon = 464, N |, = 384.

WFH both in London (sometimes and most of the
times and always: 68.3%) and in Italy (60.4%), as
shown in Figure 3.

The spaces where people worked and relaxed at
home overlooked urban areas that were mostly
described as quiet both in London (52.6% of the
rooms used for WFH and 51.1% for relaxation) and
in Italy (58.3% for WFH and 64.8% for relaxation),
considering the whole dataset (N [ongon = 464,
N jtaty = 384). Rooms exposed to noisy sides were
higher in London (45.9% for WFH and 48.3% for
relaxation, 1.5% and 0.6% missing) than in Italy

(40.9% for WFH, 34.9% for relaxation, 0.8 and
0.3% missing).

The view from windows in rooms employed for
working (WFH) and relaxing (REL) was most often
dominated by the view of sky and other buildings and
to a lesser extent by vegetation. Higher dominance of
vegetation was reported in Italy compared to Lon-
don, as shown in Figure 4.

Noise sensitivity index scored on average
64.19 £19.25 (mean = SD) in London and 66.00 +
18.45 in Italy, with higher scores denoting higher
sensitivity to noise.
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How often do you keep the window open while working from
home?
100%
45 87
90%
80% 270
30.7
70%
60%
50%
485
allh 449
30%
20%
10% 16.6 139
0% — ) s— e e
UK (London) ltaly
= Always =Most of the times = Sometimes = Rarely - Never =Nowindow

Figure 3. Percentage values of responses on the
frequency of window opening while working from home

in London (UK) and Italy by those not using exclusively
mechanical ventilation (MV). N {ondon = 445, N iy = 381.
Percentages of those having no window in the room are
not reported.

In the following, results related to the two research
questions are presented.

Impact of building services on indoor
soundscapes while WFH and relaxing

Difference in perceived dominance of sounds from
heating, ventilation and cooling systems depending on the
building service typology. A Kruskal-Wallis test was
conducted to determine if the perceived dominance
of sounds generated by building services (2 cate-
gories: not at all & a little; moderately & a lot &
dominates completely) in the rooms employed for
working and relaxing at home was different across
the different typologies of heating, ventilation and
cooling systems. No significant differences were
detected in the Italian sample, meaning that different
building service typologies did not result in different
sound dominance.

In the London subset, the perceived dominance of
sound while WFH was significantly different across
the investigated building service categories, both for
heating, X2(4)L0nd0n = 11.334, p = .023, ventilation,

Y*(Qondon = 7.799, p = .020 and cooling systems,
% (2)London = 7.152, p = .028 (cf. Figure 5). Pairwise
comparisons were performed across the differ-
ent technologies. As regards the heating systems,
the post hoc analysis showed that sounds from
building services were significantly more domi-
nant in presence of air systems (mean rank | gngon =
294.07) than with radiators (mean rank | gngon =
225.30) (p = .043). With regard to the ventilation
strategy, mechanical ventilation resulted in higher
noise dominance (mean rank pongon = 283.55)
compared to natural ventilation (mean rank ..
don = 227.14) (p = .025). Across different cooling
systems, sounds from building services were sig-
nificantly more dominant in presence of air sys-
tems (mean rank [ gnqon = 273.77) compared to air
movement devices (e.g. ventilators) (mean rank
London = 221.11) (p = .023) or in absence of
cooling system (mean rank | ynqon = 229.66) (p =
.050). Significant differences were detected only
in the evaluation of sound dominance in relation
to working from home, and not for relaxing at
home.

Difference in the perceived appropriateness of the sound
environment based on the dominance of sounds from
building services. A Mann-Whitney U test was run to
determine if there were differences in the perceived
appropriateness of the sound environment for
working and relaxing at home based on the per-
ceived dominance of building services (2 cate-
gories: not at all & a little; moderately & a lot &
dominates completely) while working or relaxing
at home. Both in London and in Italy, spaces with
less dominant sounds from building services while
WFH (mean rank p ondon = 238.16, mean rank je,)y =
198.54) were judged to be more appropriate for
home working than those with more dominant
sounds (mean rank p,,qon = 201.08, mean rank
Italy — 17695), Z London — *265749 London — 008, z
ttaty = —2.022, p 1a1y = .043. Similarly, spaces with
less dominant sounds from building services
(mean rank [ongon = 237.31, mean rank ygp, =
198.56) were assessed as more appropriate for
relaxing at home than those with more dominant
sounds (mean rank 1 gndon = 201.67, mean rank i, =
176.39) both in London and in Italian houses,
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Figure 4. Percentage values of responses on the dominance of vegetation, sky and buildings when viewing out of
windows, if any, present in the room used for working from home and relaxation in London (UK) and Italy. N | ondon =
464, N |,;, = 384. Percentages for those having no windows are not reported.

Z London — _23699 P London = 018, Z Ytaly = _20459
P ltaly = .041.

Difference in the perceived appropriateness of
the sound environment based on building service
typologies. Differences in the evaluation of the
appropriateness of the sound environment for
working and relaxing at home were investigated
across the different typologies of heating, venti-
lation and cooling systems.

As regards the heating strategies, no significant
differences in appropriateness were detected in
London, for both WFH and relaxation, and in Italy,
with regard to relaxation. A Kruskal-Wallis test
showed significant differences in the reported
appropriateness of the acoustic environment for
WFH in Italy across different types of heating
systems, x2(5) aty = 17.516, p = .004. Pairwise
comparisons revealed a higher appropriateness for
WFH in houses with only radiant floors (mean

ranks iy = 254.53) compared to those equipped
with only stoves (mean ranks i, = 145.20), p =
.012, and to those with only electric heaters (mean
ranks Italy = 142.40), p = .007.

The appropriateness of the sound environment for
WFH and relaxation was not significantly different
between the different types of ventilation systems,
both in London and in Italy.

As regards the cooling strategies, the analysis
showed significant differences in the reported ap-
propriateness of the acoustic environment for WFH
across different types of cooling systems, both in
London, ¥%(2) London = 6.873, p = .032 and in Italy,
x2(3) taty = 10.133, p = .017, but not with regards to
relaxation. In London, spaces were rated more ap-
propriate for WFH in presence of air systems (mean
rank | ongon = 284.87) than when no cooling system
was available (mean rank | ongon = 223.14) (p = .050),
while no significant difference was detected be-
tween those systems and air movement devices (mean
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Figure 5. Percentages related to the perceived dominance of sounds from building services while working from home in
London by building service typology: (a) heating, (b) ventilation and (c) cooling systems from Torresin et al.*2.

rank 1 ongon = 242.44). In Italy, only a trend could be
observed, with air-cooling systems resulting in higher
appropriateness for WFH (mean rank i, = 201.22)
than when only air movement devices were available
(mean rank y,yy = 162.18), p = .070.

Factors affecting window opening behaviour
while WFH

A cumulative odds ordinal logistic regression with
proportional odds was run to determine the effect of a
noisy side of the dwelling where WFH, the amount
of vegetation, sky and other buildings seen from
the window, noise sensitivity, age and gender on
the frequency of window opening while WFH,
among those utilizing, only or in part, window
opening as ventilation strategy. There were pro-
portional odds, as assessed by a full likelihood ratio
test comparing the fitted model to a model with varying
location parameters, both for the London model,
%*(21) London = 20.366, p = .498, and for the Italian
model, x * (21) yay = 25451, p = .228.

As shown in Table 2, in the London model none of
the investigated variables was significantly associated
with an increase in the odds of opening the windows
more often while WFH. In Italy, the odds of opening
windows by those who had more access to vegetation
through the window view was 1.279 (95% CI, 1.055—
1.550) times that for those in which window view was
less dominated by vegetation, 3> (1) Italy = 6.274, p =
.012. The odds of opening the window while WFH
was 22% less in London (OR: 0.775, 95% CI,
0.540-1.114) and almost 30% less in Italy (OR:
0.707, 95% CI, 0.476—1.052) by those working in
rooms overlooking noisy areas compared to those
overlooking quiet areas. Though odds ratios suggest
an association, no conclusive claim can be done
due to a lack of statistical significance in the rela-
tionship between outdoor noisiness and window
opening behaviour, %* (1) London = 1.890, p = .169,
2 (1) pary = 2.922, p = .087.

The dominance of sky or other buildings from
the window view, the sensitivity to noise of the
participants, age and gender were not significantly
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Table 2. Odds ratio (OR) and 95% confidence interval for variables in relation to the frequency of window opening while

working from home in London (UK) and in Italy.

London (UK) N = 434 Italy N = 381
Parameter OR 95% ClI p-value  OR 95% ClI p-value
Noisy side [ref. quiet side] 0775 0540 I.114 .169 0.707 0476 1.052 .087
Window view: dominance of vegetation  I.115 0939 1325 213 1279  1.055 1550 .012
Window view: dominance of sky 1.204 0.973 1490 .087 1.100 0.880 1375 .402
Window view: dominance of buildings 1.128 0947 1344 178 I.171 0976 1404 .089
Noise sensitivity 0994 0985 1.003 .195 1.007 0997 1018 .174
Male [ref. female] 0.985  0.68l 1.424 935 1.077 0.732 1585 .705
Age .01 0.991 1.031 277 1.012 0990 1.035 299

associated with an increase in the odds of opening
the window.

Discussion

The study presented the results of an online survey
conducted among home workers during the COVID-
19 sanitary emergency in order to investigate 1) the
relationships between building service typologies
and the perception of the acoustic environment at
home and the 2) factors influencing window opening
behaviour while WFH. In the following, the two
main research questions are discussed.

Indoor soundscapes and building
service typologies

A similar distribution was observed in London and
Italy as regards the typologies of building services for
heating and ventilation (cf. Figure 2). Most of par-
ticipants’ houses were equipped with radiators and
adopted window opening for ventilation. Due to
warmer summers, a higher number of Italian houses
were equipped with air-cooling systems compared to
UK ones, where window opening was most often used
for cooling purposes.

The main results on the associations between
building service typologies and indoor soundscapes
are graphically depicted in Figure 6. The evaluation of
the indoor acoustic environment during relaxation
was in general not significantly different depending on
the type of building services present at home. With
reference to home working, no difference was

detected between different types of ventilation strat-
egies. As regards heating systems, a higher appro-
priateness for WFH was found in Italy in houses
equipped with only radiant floors compared to those
with only stoves or only electric heaters. This might be
due to the fact that radiant floors provide a low-noise
solution for heating, that might be particularly ben-
eficial for home working. Moreover, the presence of
radiant floors could be a proxy for newly built or
retrofitted houses that may be able to provide better
overall acoustic conditions compared to older houses,
which are more likely equipped with stoves or electric
heaters. As regards the cooling strategies, the presence
of air-cooling systems (e.g. air conditioners) was as-
sociated with more appropriate spaces for WFH in both
London and Italy, in the latter case as a tendence.
However, as the survey has been administered in the
heating season (i.e. with cooling systems off), differ-
ences might be attributable to the fact that houses
equipped with air-cooling systems are more likely
newly built or retrofitted.

In most cases building services were not dominant
sources inside dwellings. A higher percentage of
participants reported that sound from building ser-
vices was dominant in Italy compared to London,
both with reference to WFH and relaxation. This
might be due to the fact that sounds from building
services are more likely masked in London by
outdoor sources than, on average, in Italy. In London,
air systems for heating, cooling and ventilation re-
sulted in higher perceived dominance compared to
other systems (cf. Figure 5). Sound dominance was
in turn related to the evaluation of the sound
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London (UK)
WEFH: higher dominance by air systems
(ventilation, cooling, heating)
Relaxing at home: no sig. difference

Italy
WFH and relaxing at home: no sig.
difference

Type of building services:
- Heating

- Ventilation
- Cooling

Perceived dominance of sounds from
building services in the room

employed for working / relaxing at
home

London (UK)
WFH: environments with air cooling systems perceived
as more appropriate than those without a cooling system
or ventilators.

Italy
WFH: environments with only radiant floors perceived as
more appropriate than those with only electric heaters or
stoves. Environments equipped with air cooling systems
perceived as more appropriate than those only having air
movement devices (tendence)

London (UK) and Italy
Relaxing at home: no sig. difference

London (UK) and Italy
WFH: environments with less dominant
sounds from building services
perceived as more appropriate.
Relaxing at home: environments with
less dominant sounds from building
services perceived as more
appropriate.

Indoor soundscape
evaluation:
Appropriateness for

WFH
Appropriateness for
" relaxing at home

Figure 6. Graphical representation of the main results on the effects building service typologies on indoor soundscapes

while working from home (WFH) and relaxing.

environment made by participants. Spaces with less
dominant sounds from building services were eval-
uated as more appropriate for working and relaxing at
home, both in London and in Italy.

As most of the differences have been observed with
reference to home working (cf. Figure 6), building oc-
cupants might be more vulnerable to the acoustic con-
ditions while WFH, thus suggesting a demand of higher
acoustic quality in the design of post-pandemic houses.

Window opening behaviour and
natural ventilation

Results have shown that the quality of the window
view can affect the window opening behaviour.

Notably, building occupants viewing more vegeta-
tion from windows in Italy were more likely to keep
the window open while WFH. Differently, the
dominance of buildings or sky in the window view,
the sensitivity to noise, age and gender were not
significantly associated with the window opening
behaviour while WFH neither in London nor in Italy.
As regards the impact of the outdoor acoustic en-
vironment, only a (non-significant) trend could be
observed: people reporting that their room over-
looked a noisy area tended to be between 22 and 30%
less likely to keep the window open while WFH,
respectively for London and Italy. This is consistent
with the results from an extended analysis on the
London dataset,*®* that showed that rooms exposed to
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noisy urban areas were associated with indoor sound-
scapes perceived as more annoying and less appropriate
for WFH and relaxation. In few cases, participants
spontaneously reported the need to close windows
while WFH because of noise.>® The data showed that,
among those using natural or mixed-mode ventilation,
67% of participants in London (N [ gngon: 311) and 60%
of the participants in Italy (N y1y: 231) keep the window
open at least sometimes while WFH. By selecting those
who work in environments overlooking noisy urban
areas (N London: 205, N iy 157), those opening the
window at least sometimes are still the 65.5% and the
56.7% of those living respectively in London and in
Italy. Despite working in rooms that are exposed to
noisy urban contexts is not ideal, people tend to keep
windows open, even in winter. Previous literature®'
identified a number of factors driving the interaction
with window, mainly related to indoor and outdoor
thermal states, outdoor and indoor air quality, visual
conditions, contextual factors (e.g. time of the day,
season) and personal factors (e.g. thermal sensation,
preferences). In an office space in Washington,** it was
found that in winter windows were opened mostly to
cool down the room and/or to improve air circulation,
while in summer and fall occupants opened the win-
dows to cool the room, add some background noise and
circulating air.

The present study suggests that even in presence
of noisy contexts there might be other benefits linked to
the availability of an open window that can compensate
for higher noise levels. This would be consistent with the
existence of an ‘adaptive acoustic comfort™>** in NV
buildings, in analogy with the concept of adaptive
thermal comfort theories.**” According to this, a dif-
ferent noise sensitivity could be assumed in NV com-
pared to MV buildings, due to a lower expectation of
low noise levels, a different availability of control
compared to sealed MV buildings, the connection with
outside and the non-acoustic benefits linked to window
opening (e.g. sense of fresh air in overheating
conditions).”**>*® Despite the concept of an adaptive
acoustic comfort being currently only supported by
anecdotal evidence, the investigation of the multiple
cognitive and behavioural factors impinging on comfort
under NV conditions through multi-domain research®'*’
would be important for the definition of acoustic criteria
tailored for naturally ventilated buildings.*’

Natural and mixed-mode ventilation can enable
improved energy efficiency for cooling and ventila-
tion and reduce greenhouse gas (GHG) emissions. "
However, outdoor acoustic and air pollution can be
limiting factors for the adoption of NV. According
to Song et al.,>® considering noise pollution, the
average percentage of hours in which NV might be
feasible in Greater London would be 71% and the
average cooling energy saving potential via NV is
16.64 kWh/m.? In their simulation-based study, the
hours considered as suitable for NV were defined
based on noise level thresholds suggested by the
World Health Organization.’® However, acoustic
requirements and noise limits set by standards and
guidelines do not consider neither the potential
differences in perception between NV and MV
buildings, nor the presence of pleasant outdoor
acoustic contexts. In such cases, the recommended
noise limits that in many cases impede the adoption
of NV might be relaxed, at least up to levels that
impede the onset of annoyance or other critical
health risks identified by the WHO.>*** This would
foster a wider application of natural and mixed-mode
ventilation, leading to even higher cooling and
ventilation saving potentials, by setting target indoor
noise values that take into account how occupants
experience the indoor environment and interact with
windows as a function of the outdoor contexts, the
availability of control and other person-related and
contextual factors.

Overall, the discussion points out the importance
of accessing green areas through windows to max-
imize NV potential, and call for further research on
the multiple benefits associated with NV and on
potential ‘adaptive acoustic comfort’ opportunities
provided in naturally ventilated buildings.

Limitations

Some limitations need to be considered when in-
terpreting the results reported in the present study.
One of the shortcomings is related to the cross-
sectional nature of the study, which does not allow
to establish any causal relationship on the observed
associations. As a further point, the study focused on
the impact of the sound environment on daytime
activities. Due to the potential impacts on sleep
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quality, findings cannot therefore be extended to the
night time period, but they can help to maximise the
potential of NV during the day, possibly combined
with MV at night and at certain times of the year (i.e.
mixed-mode ventilation). Although much work has
been caried out on the effects of noise on sleep,”*>°
further and dedicated research would be needed to
explore soundscape influence on sleep quality. The
research relied on self-reporting questionnaires, that
might be affected by respondents misunderstanding
or not correctly estimating and reporting the aspects
under investigation. Due to the adoption of an online
survey and to the pandemic situation, no in situ
acoustic measurements could be done at this stage.
Moreover, the lack of reference data in the pre-
pandemic period, did not allow to determine the
impacts, if any, in the observed results that are due to
the altered psychological status of participants during
the lockdown period. However, the study helped to
highlight associations to be further analysed and
reviewed in future longitudinal studies.

Conclusions

The study reported the results from an online survey
administered to people living and working from
home in London and Italy during the COVID-19
lockdown. The analyses have provided some pre-
liminary findings on (1) the impacts of the type of
buildings services on the perception of the acoustic
environment while working and relaxing at home
and on (2) the factors associated with window
opening behaviour. Main findings are:

* No significant difference was found in sound-
scape appropriateness for relaxation depending
on the heating, ventilation and cooling system
typologies, and in soundscape appropriateness
for working from home (WFH) based on the
ventilation strategy. Higher soundscape appro-
priateness for WFH was associated with houses
equipped only with radiant floors for heating
in Italy compared to those with only stoves
or only electric heaters and with air-cooling
systems in London compared to those without
any cooling system. In most cases, building ser-
vices were not dominant sources inside dwellings,

especially in London. Higher perceived domi-
nance was only related in London to air systems
for heating, cooling and ventilation, compared
to other systems. In general, spaces with less
dominant sounds from building services were
evaluated as more appropriate for working and
relaxing at home, both in London and in Italy.

* As regards window opening behaviour, the
dominance of sky or other buildings from the
window view, noise sensitivity, the availability
of a quiet side, age and gender were not sig-
nificantly associated with participants’ window
opening behaviour while WFH. Differently,
participants viewing more vegetation from
windows in Italy were more likely (Odds Ratio:
1.279, 95% confidence interval: 1.055-1.550)
to keep the window open while WFH. Among
those using natural or mixed-mode ventilation
and exposed to noisy urban areas, still the
majority of participants in London (65.5%) and
in Italy (56.7%) kept the window open at least
sometimes to always while WFH, suggesting
the existence of benefits from natural ventila-
tion (NV) in winter able to compensate for
higher noise levels.

Overall, the results offer some initial hints on the
importance of the ‘perceived’ acoustic dominance of
sound by building services for indoor soundscape
assessment. Most of the differences in soundscape
evaluation have been observed with reference to
home working and not to relaxation, thus suggesting
a different sensitivity to noise from building services
across the two domestic uses and the need to re-
consider the acoustic requirements in residential
buildings in light of the new tasks performed at home
in the post-pandemic era, as in the case of home
working.

Findings on window opening behaviour are rel-
evant for those modelling occupant behaviours in
energy simulation programmes. The survey has been
conducted in winter and the results cannot be gen-
eralized to other seasons, given the seasonal effects
on window opening behaviour reported in the lit-
erature.”’ Future longitudinal studies coupled with
in situ monitoring campaigns are needed to further
verify the associations highlighted in the present
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study and to link ‘perceived’ sound dominance with
objectively measurable metrics. Moreover, by fo-
cussing on major Italian cities (e.g. Rome, Milan), it
will be possible to test climate and cultural effects
across the two countries. Lastly, future research
would be useful to explore the multiple benefits
associated with natural ventilation, thus providing
evidence on the potential ‘adaptive acoustic comfort’
opportunities provided by NV buildings.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article.

Funding

The author(s) disclosed receipt of the following financial
support for the research, authorship, and/or publication of
this article: This work was funded by the Chartered In-
stitution of Building Services Engineers (CIBSE) within
the project ‘Home as a place of rest and work: the ideal
indoor soundscape during the COVID-19 pandemic and
beyond’. This work was supported by the Programma di
cooperazione Interreg V-A Italia-Svizzera 2014-2020,
project QAES [ID no. 613474]; and the European Re-
search Council (ERC) under the European Union’s Hori-
zon 2020 research and innovation programme [grant
agreement No. 740696].

ORCID iDs

Simone Torresin @ https://orcid.org/0000-0002-2935-0288
https://orcid.org/0000-0002-5571-0259
https://orcid.org/0000-0003-0351-3189

https://orcid.org/0000-0002-2674-2163
https://orcid.org/0000-0002-0014-0383

https://orcid.org/0000-0001-8995-5636

Rossano Albatici
Francesco Aletta
Francesco Babich
Tin Oberman
Jian Kang

References

1. Awada M, Gerber B-B, Hoque S, et al. Ten questions
concerning occupant health in buildings during normal
operations and extreme events including the COVID-
19 pandemic. Build Environ 2021; 188: 107480.

2. Hoisington AJ, Yoder S-KA, Schuldt SJ, et al. Ten
questions concerning the built environment and
mental health. Build Environ 2019; 155: 58-69.

10.

11.

12.

Altomonte S, Allen J, Bluyssen P, et al. Ten questions
concerning well-being in the built environment. Build
Environ 2020: 106949.

Amerio A, Brambilla A, Morganti A, et al. Covid-19
lockdown: housing built environment’s effects on
mental health. Int J Environ Res Public Health 2020;
17: 1-10.

Andargie MS, Touchie M and O’Brien W. Case study:
a survey of perceived noise in Canadian multi-unit
residential buildings to study long-term implications
for widespread teleworking. Building Acoust 2021:
1351010X2199374.

Dzhambov AM, Lercher P, Stoyanov D, et al. Uni-
versity students’ self-rated health in relation to per-
ceived acoustic environment during the covid-19
home quarantine. Int J Environ Res Public Health
2021; 18: 1-21.

REHVA. COVID-19 Guidance Document - How to
Operate HVAC and Other Building Service Systems to
Prevent the Spread of the Coronavirus (SARS-CoV-2)
Disease (COVID-19) in Workplaces, 2021, https://www.
rehva.eu/fileadmin/user upload/REHVA COVID-19
guidance _document V4.1 15042021 01.pdf.

Peters T and Halleran A. How our homes impact our
health: using a COVID-19 informed approach to
examine urban apartment housing. Archnet-IJAR: Int
J Architectural Res 2020; 15: 10-27. DOI: 10.1108/
ARCH-08-2020-0159.

Coronavirus (COVID-19) Response Resources From
Ashrae and Others, https://www.ashrae.org/technical-
resources/resources.

Brien WO, Wagner A, Schweiker M, et al. Introducing
IEA EBC Annex 79: key challenges and opportunities
in the field of occupant-centric building design and
operation. Build Environ 2020; 178: 106738.
Willems S, Saelens D and Heylighen A. Comfort
requirements versus lived experience: combining
different research approaches to indoor environmental
quality. Archit Sci Rev 2020; 63: 1-9.

Andargie MS, Touchie M and O’Brien W. A survey of
factors the impact noise exposure and acoustic
comfort in multi-unit residential buildings. Can
Acoust 2020; 48: 25-41.

. Torresin S, Albatici R, Aletta F, et al. Indoor

soundscape assessment: a principal components
model of acoustic perception in residential buildings.
Build Environ 2020; 182: 107152.


https://orcid.org/0000-0002-2935-0288
https://orcid.org/0000-0002-2935-0288
https://orcid.org/0000-0002-5571-0259
https://orcid.org/0000-0002-5571-0259
https://orcid.org/0000-0003-0351-3189
https://orcid.org/0000-0003-0351-3189
https://orcid.org/0000-0002-2674-2163
https://orcid.org/0000-0002-2674-2163
https://orcid.org/0000-0002-0014-0383
https://orcid.org/0000-0002-0014-0383
https://orcid.org/0000-0001-8995-5636
https://orcid.org/0000-0001-8995-5636
https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_guidance_document_V4.1_15042021_01.pdf
https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_guidance_document_V4.1_15042021_01.pdf
https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_guidance_document_V4.1_15042021_01.pdf
https://doi.org/10.1108/ARCH-08-2020-0159
https://doi.org/10.1108/ARCH-08-2020-0159
https://www.ashrae.org/technical-resources/resources
https://www.ashrae.org/technical-resources/resources

Torresin et al.

15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Zimmer K, Ghani J and Ellermeier W. The role of task
interference and exposure duration in judging noise
annoyance. J Sound Vibration 2008;311: 1039-1051.
London Chamber of Commerce and Industry. Polling
Gives Further Insight into the Pandemic’s Flexible
Working Legacy, https://www.londonchamber.co.uk/
news/press-releases/polling-gives-further-insight-into-
the-pandemic’s/(accessed 3 August 2021).
Mcgill G, Oyedele LO and Keeffe G. Indoor air-
quality investigation in code for sustainable homes
and passivhaus dwellings : a case study. World J Sci
Technol Sustain Dev 2015; 12: 1-28.
Harvie-Clark J, Conlan N, Wei W, et al. How loud is
too loud? Noise from domestic mechanical ventilation
systems. Int J Vent 2019; 18: 303-312.
Balvers J, Bogers R, Jongeneel R, et al. Mechanical
ventilation in recently built Dutch homes : technical
shortcomings, possibilities for improvement, per-
ceived indoor environment and health effects. Archit
Sci Rev 2012; 55: 1-3.
Brown C and Gorgolewski M. Understanding the role
of inhabitants in innovative mechanical ventilation
strategies. Build Res Inf 2015; 43: 210-221.
Torresin S, Albatici R, Aletta F, et al. Acoustic design
criteria in naturally ventilated residential buildings:
new research perspectives by applying the indoor
soundscape approach. Appl Sci 2019; 9: 1-25.
Harvie-Clark J, Chilton A, Conlan N, et al. Assessing
noise with provisions for ventilation and overheating
in dwellings. Build Serv Eng Res Technol 2019; 40:
1-11.
Torresin S, Aletta F, Babich F, et al. Acoustics for
supportive and healthy buildings : emerging themes
on indoor sustainability. Sustain 2020; 12: 6054.
Torresin S, Albatici R, Aletta F, et al. Assessment
methods and factors determining positive indoor
soundscapes in residential buildings: a systematic
review. Sustainability (Switzerland) 2019; 11: 5290.
Kang J, Aletta F, Gjestland TT, et al. Ten questions on
the soundscapes of the built environment. Build En-
viron 2016; 108: 284-294.

1SO 12913-1:2014-Acoustics-Soundscape Part 1:
Definition and conceptual framework.

ISO TS 12913-2:2018 - Acoustics - Soundscape Part
2: Data Collection and Reporting Requirements.
Yu C-J and Kang J. Soundscape in the sustainable
living environment: a cross-cultural comparison

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

between the UK and Taiwan. Sci Total Environ 2014,
482-483: 501-509.

Fabi V, Andersen RV, Corgnati S, et al. Occupants’
window opening behaviour: a literature review of
factors influencing occupant behaviour and models.
Build Environ 2012; 58: 188—198.

Andersen RV, Toftum J, Andersen KK, et al. Survey
of occupant behaviour and control of indoor envi-
ronment in Danish dwellings. Energy Build 2009; 41:
11-16.

Day JK, Mcilvennie C, Brackley C, et al. A review of
select human-building interfaces and their relation-
ship to human behavior, energy use and occupant
comfort. Build Environ 2020; 178: 106920. DOI: 10.
1016/j.buildenv.2020.106920.

Schweiker M, Ampatzi E, Andargie MS, et al. Review
of multi-domain approaches to indoor environmental
perception and behaviour. Build Environ 2020; 176:
106804.

Peer E, Brandimarte L, Samat S, et al. Beyond the Turk:
alternative platforms for crowdsourcing behavioral re-
search. J Exp Soc Psychol 2017; 70: 153-163.

Palan S. and Schitter C.. Prolific.ac-A subject pool for
online experiments. J Behav Exp Finance 2018; 17:
22-27.

Harris PA, Taylor R, Thielke R, et al. Research
electronic data capture (REDCap)-a metadata-driven
methodology and workflow process for providing
translational research informatics support. J Biomed
Inform 2009; 42: 377-381.

Harris PA, Taylor R, Minor BL, et al. The REDCap
consortium: building an international community of
software platform partners. J Biomed Inform 2019; 95:
103208.

The Health Protection (Coronavirus, Restrictions)
(No. 3) and (All Tiers) (England) (Amendment)
Regulations 2021, https://www.legislation.gov.uk/
uksi/2021/8/introduction/made (accessed 16 Febru-
ary 2021).

Decreto Del Presidente Del Consiglio Dei Ministri 14
Gennaio 2021, https://www.gazzettaufficiale.it/eli/id/
2021/01/15/21A00221/sg.

Torresin S, Albatici R, Aletta F, et al. Indoor sound-
scapes at home during the COVID-19 lockdown in
London—Part I: Associations between the perception of
the acoustic environment, occupants activity and well-
being. Appl Acoust 2021; 183: 108305.


https://www.londonchamber.co.uk/news/press-releases/polling-gives-further-insight-into-the-pandemic�s/
https://www.londonchamber.co.uk/news/press-releases/polling-gives-further-insight-into-the-pandemic�s/
https://www.londonchamber.co.uk/news/press-releases/polling-gives-further-insight-into-the-pandemic�s/
https://doi.org/10.1016/j.buildenv.2020.106920
https://doi.org/10.1016/j.buildenv.2020.106920
https://www.legislation.gov.uk/uksi/2021/8/introduction/made
https://www.legislation.gov.uk/uksi/2021/8/introduction/made
https://www.gazzettaufficiale.it/eli/id/2021/01/15/21A00221/sg
https://www.gazzettaufficiale.it/eli/id/2021/01/15/21A00221/sg

Building Services Engineering Research & Technology 0(0)

39.

40.

41.

42.

43.

44,

45.

46.

47.

Benfield JA, Nurse GA, Jakubowski R, et al. Testing
noise in the field: a brief measure of individual noise
sensitivity. Environ Behav 2014; 46: 353-372.
Weinstein ND. Individual differences in critical ten-
dencies and noise annoyance. J Sound Vibration
1980; 68: 241-248.

IBM Corp. IBM SPSS Statistics for Windows. Version
26.0. Armonk, NY, USA.

Torresin S, Albatici R, Aletta F, et al. Relaxing and
working from home: associations between heating,
ventilation and cooling system typologies and indoor
soundscape evaluation. In: International Buildings
Physics Conference, Copenhagen, 2021.

Torresin S, Albatici R, Aletta F, et al. Indoor soundscapes
at home during the COVID-19 lockdown in London—
Part II: a structural equation model for comfort, content,
and well-being. Appl Acoust 2022; 185: 108379.

Kim A, Wang S, Kim JE, et al. Indoor/outdoor en-
vironmental parameters and window-opening be-
havior: a structural equation modeling analysis.
Buildings; 9: 94. DOI: 10.3390/buildings9040094.
Harvie-Clark J, Chilton A, Conlan N, et al. Adaptive
acoustic comfort: assessing noise with provisions for
ventilation and overheating in dwellings. In: Pro-
ceedings of the 23rd International Conference of
Acoustics, Aachen, 2019.

De Dear R and Brager GS. Developing an adaptive
model of thermal comfort and preference. ASHRAE
Trans 1998; 104: 1-18.

Nicol JF and Humphreys MA. Adaptive thermal
comfort and sustainable thermal standards for
buildings. Energy and Buildings 2002; 34: 563-572.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Field CD.Acoustic design criteria for naturally ven-
tilated buildings. J Acoust Soc Am; 123: 3814.
Torresin S, Pernigotto G, Cappelletti F, et al. Com-
bined effects of environmental factors on human
perception and objective performance: a review of
experimental laboratory works. Indoor Air; 28:
525-538. DOI: 10.1111/ina.12457.

Carrilho da Graga G and Linden P. Ten questions
about natural ventilation of non-domestic buildings.
Building Environ 2016; 107: 263-273.

Schulze T and Eicker U. Controlled natural venti-
lation for energy efficient buildings. Energy Build
2013; 56: 221-232.

Song J, Huang X, Shi D, et al. Natural ventilation in
London: towards energy-efficient and healthy build-
ings. Build Environ 2021; 195: 107722.

WHO. Environmental Noise Guidelines for the Eu-
ropean Region.

Basner M and McGuire S. WHO environmental noise
guidelines for the european region: a systematic re-
view on environmental noise and effects on sleep. Int
J Environ Res Public Health 2018; 15: 519. DOI: 10.
3390/ijerph15030519.

Xie H, Kang J and Mills GH. Clinical review: the
impact of noise on patients’ sleep and the effective-
ness of noise reduction strategies in intensive care
units. Crit Care 2009; 13: 208.

Zaharna M, Guilleminault C. Sleep, noise and health:
Review. Noise and Health 2010; 12: 64.

Andersen R, Fabi V, Toftum J, et al. Window opening
behaviour modelled from measurements in Danish
dwellings. Build Environ 2013; 69: 101-113.


https://doi.org/10.3390/buildings9040094
https://doi.org/10.1111/ina.12457
https://doi.org/10.3390/ijerph15030519
https://doi.org/10.3390/ijerph15030519

	Associations between indoor soundscapes, building services and window opening behaviour during the COVID-19 lockdown
	Practical application
	Introduction
	Methods
	Participants
	Questionnaire design
	Data analysis

	Results
	Impact of building services on indoor soundscapes while WFH and relaxing
	Difference in perceived dominance of sounds from heating, ventilation and cooling systems depending on the building service ...
	Difference in the perceived appropriateness of the sound environment based on the dominance of sounds from building services
	Difference in the perceived appropriateness of the sound environment based on building service typologies

	Factors affecting window opening behaviour while WFH

	Discussion
	Indoor soundscapes and building service typologies
	Window opening behaviour and natural ventilation
	Limitations

	Conclusions
	Declaration of conflicting interests
	Funding
	ORCID iDs
	References


